Abstract-We propose a simple but efficient control strategy to manipulate objects of unknown shape, weight, and friction properties -prerequisites which are necessary for classical offline grasping and manipulation methods. Instead, the proposed control strategy employs estimated contact point locations, which can be obtained from modern tactile sensors with good spatial resolution. Such a control strategy is implemented in a hierarchical control structure. The feasibility of the strategy is proven in simulation experiments employing a physics engine providing exact contact information. However, to motivate the applicability in real world scenarios, where only coarse and noisy contact information will be available, we also evaluated the performance of the approach when adding artificial noise.
I. INTRODUCTION
We consider the challenging task of dexterously manipulating an object within a multi-fingered robot hand, i.e. moving the object with respect to the hand. Although, object manipulation could also be done by arm motion solely (and employing a simple two-jaw gripper), this would require a much larger work-space to be used. A lot of work focuses on pick-and-place manipulation in cluttered scenes [10] , [5] . The emphasis of this research is to find suitable hand poses and collision-free trajectories to transport an object. However, in contrast to the task considered in this paper, the object is not (deliberately) moved within the hand.
Recent approaches to object-in-hand manipulation avoid the complex analysis of geometric relations and apply stateof-the-art motion planning methods like RRT [17] and PRM [11] to the manipulation problem. Xue et. al [16] tackled the problem of screwing a light bulb. Exploiting the axial symmetry of the object, they look for contact trajectories in a set of contact points previously obtained from classical grasp planning methods. All these approaches attempt to find feasible motion trajectories in an offline fashion utilizing a physics simulation to model the outcome of random actions. Again, this requires a considerable amount of prior knowledge about the manipulated object. Employing fast tactile feedback, Ishihara et. al [4] propose a control law to spin a pen of known shape at an impressive speed. Tahara et. al [15] point out a method to manipulate objects of unknown shape. They use a virtual object frame determined by the triangular finger-tip configuration of a three-fingered hand to derive a control law to manipulate the object's pose. However, without explicit sensory feedback, their method is limited in accuracy.
The latter two approaches propose a reactive control law for object manipulation, which is in our opinion a major prerequisite for robust object manipulation. Open-loop execution of manipulation trajectories obtained in an offline optimization process cannot account for real-life deviations from the planned trajectory: The initial object pose might be estimated incorrectly, fingers might unpredictedly slide or roll on the object's surface, or even loose contact at all. Consequently, we also propose a reactive control strategy based on pose feedback. Currently, we obtain this feedback from a physical simulation, which is used to show the feasibility of the approach. However, the pose feedback can also be estimated from visual features. To confirm the applicability of our method in noisy real-world scenarios, we add artificial noise to the accurate sensor readings obtained from simulation.
Conceptually, the process of object-in-hand manipulation can be divided into two stages: a local manipulation controller and a globally acting regrasp planner. The local controller reactively moves the object by a small amount only. When the joint limits or the boundary of the object's configuration space are encountered, a higher level planning step becomes necessary, also known as finger gait planning. During local manipulation, a state monitor can be used to check the distance to configuration space limits. Once a limitation is reached, regrasp planning is employed to adapt the grasp configuration. Subsequently, local manipulation is continued. This paper only focuses on local manipulation.
In the following sections, we first outline the assumptions underlying to our manipulation approach (sec. II), introduce the concept of the strategy (sec. III), and detail both the employed inverse kinematics approach (sec. IV) and the proposed hierarchical control scheme to simultaneously control position and force at contact points (sec. V). Section VI introduces the simulation toolkit and the simulation experiments, whose results are discussed in sec. VII. Finally, section VII gives a conclusion.
II. ASSUMPTIONS OF CONTROL STRATEGY

A. Point contacts
The real contact geometry between the fingertip and the object is complex and difficult to model, even if geometric shape information is available. Usually, the contact force is distributed on a larger contact area. In this paper, we assume that there is only one contact point on every finger and the distributed contact force is concentrated on this point. We do not explicitly model friction properties. However, the physical simulation adopts a Coloumb friction model approximating circular friction cones by four-sided pyramides. The contact is assumed to be compliant, due to elasticity of either the body or the finger tip. This assumption is important to realize the contact force controller on top of a joint position controller employing a linear spring model.
B. Micro manipulation assumption
In our manipulation strategy we do not explicitly control rolling or sliding. Rather, we assume that all contact locations stay fixed for every control cycle, i.e. contact frames C i relative to the object frame O and relative to the finger tip frames F i do not change. Notably, this implies, that the contact points on the object and on the finger tip move with identical velocity. Obviously this assumption will be often violated in praxis, e.g. when slippage occurs. However, employing the feedback from observed contact locations we can determine changes of the grasp configuration (including sliding and rolling) after each control cycle. Instead of analyzing the noisy motion of contact locations, there actually exist more accurate methods to determine incipient slippage based on an analysis of the high-frequency vibrations caused by slippage of an object. For example, Schoepfer et. al have employed a neural network to recognize incipient slippage based on an analysis of the Fourier spectrum and exploited this slip detector to dynamically adapt the grasp force to the actual weight of the object [12] .
C. Available Sensory Feedback
In order to facilitate the application of our manipulation strategy in real world scenarios we follow a two-fold strategy: (i) We replace offline motion planning by an online control strategy generating joint angle control signals based on current sensory feedback and the kinematics model of the multi-fingered hand. (ii) We avoid as much information about the object as possible. Especially, we assume that the global object shape, mass and mass distribution, as well as local contact properties like surface geometry and friction properties are not known to the robot. Furthermore, we do not explicitly model sliding or rolling. Rather, we assume, that we can estimate the current object pose, contact locations, contact normal vector, and contact force magnitudes employing vision, joint angle sensors, and modern tactile sensors [13] .
D. Quasi-static manipulation
The desired velocity of object manipulation is slow, such that dynamics effects don't need to be considered. Rather we generate a quasi-static motion, assuming grasp stability at every instant in time.
III. REACTIVE MANIPULATION STRATEGY
Conventional grasp and manipulation planning methods [2] , [6] uncouple the planning from the control stage. In those approaches, the planning stage strongly depends on knowledge about the geometries of the object and the fingertips. Some work explicitly considers spherical finger tips to facilitate the geometry-based planning process [15] . Furthermore, the friction coefficients for all contacts are required to evaluate grasp stability to obtain optimally stable grasps.
In real world scenarios, especially when handling unknown objects, this information is not available. Nevertheless humans can easily manipulate objects without this knowledge. We suppose, that the incredible dexterity of human manipulation originates from tight control loops employing tactile sensor feedback. Consequently we propose to employ tactile feedback to estimate contact positions and forces and introduce a manipulation strategy based on this feedback. If friction properties and joint torques are not available anymore, we cannot deliberately control rolling and slipping anymore, because internal forces cannot be designed. However, as we will show, local object manipulation is possible without explicitly designing all details of physical handobject interaction. Fig. 1 illustrates the considered object manipulation scenario, showing a multi-fingered hand -a model of the Shadow Dexterous Robot Hand -manipulating a cylinder. Notice, that the object size, although known to the underlying physics engine, is not available to the control algorithm itself. In order to describe the manipulation algorithm, we define three coordinate frames, the reference coordinate frame O r , the object coordinate frame O o , and contact
The reference coordinate frame O r is an inertial reference frame, which can be defined at any point in the space. The motion of both the object and finger tips, will be represented w.r.t. this frame. The object coordinate frame O o is object-local and moves with the motion of the object. The origin of this frame is defined as any reference point on the object. With this frame the relative motion of a fingertip w.r.t. the object can be described. The two contact coordinate frames O The robot hand is modeled as a kinematics tree whose root is located in the palm. This tree is composed of five chains corresponding to the five fingers. On every chain the endeffector frame is defined to be the contact frame O f c . We assume that all kinematics parameters are known and can be modeled off-line, except the distal phalanges on every finger. The homogeneous transformation matrices for these segments are estimated online based on a coarse geometry model of the fingertip (Fig. 2) and an estimation of the contact position and contact normal vector.
According to the kinematics model provided by [6] , the relation between the velocity of the contact point on the object and the contact point on the finger can be expressed as follows:
where v o is the linear velocity of the reference point on the object and ω o is the angular velocity of the object.
denote the linear velocities of the contact point on the ith fingertip and on the object respectively. They are represented in the reference frame O r . R fi denotes the transform matrix of the distal phalange described in the reference coordinate frame, S fi describes the surface of the distal phalange of the ith finger. R o represents the object transform matrix described in the reference frame and finally S oi represents the surface of the object. Due to the micro manipulation assumption, we can calculate the desired linear velocity of the contact point on the fingertip given the desired position and orientation of the object. The desired angular velocity of the object can be easily calculated from the current and targeted rotation matrix [7] .
IV. INVERSE HAND KINEMATICS
According to the previous section, the desired velocity of the contact points on the fingertips can be obtained given the desired trajectory of the object -due to the assumption, that there is no relative velocity between object and finger tip contact points. This target velocity of the contact points on the fingertips is used to calculate target joint angles for the current control cycle using resolved motion rate control, inverting the forward kinematics equation:
whereẋ denotes the vector of linear velocities of contact points on all finger tips,θ is the vector of joint velocities, and J is the Jacobian matrix, depending on the current joint angle configuration. Note, that the Jacobian has a blockdiagonal structure corresponding to the five finger-related sub-chains of the kinematic tree. Because the actual contact point locations can change in the course of manipulation, the Jacobian is calculated on-line according to the estimated contact positions and contact normal vectors. Equation (3) is inverted using the pseudo-inverse of J, which is numerically robust computed using singular value decomposition (SVD). This yields the minimum norm solution for the targeted joint velocities.
V. HIERARCHICAL CONTROL STRUCTURE
A hierarchical control structure is used to realize the reactive manipulation strategy (cf. Fig. 3) . At the highest level, the desired trajectory O o (t) of the object is computed according to the task at hand, e.g. employing visual feedback to realize a given motion sequence.
At the middle level, a finger motion and contact force solver is implemented to obtain the desired velocities v To keep the resultant force applied to the object to be zero, i.e. f id = 0, a simple online force planner is used. This planner is suitable for the object manipulation scenarios, where the fingertips contact opposite faces and the contact normal vectors of different fingers are collinear.
At the lowest level, a composite position/force controller generates the desired contact point velocities employing a linear spring model to realize the contact force control loop in parallel to the position control loop. With this composite controller it can be guaranteed, that the contact points on the fingers can track the desired velocity from the finger motion solver and the fingers do contact the object with the desired force along the contact normal direction. The principle of the composite controller is to superimpose the position and force error components. It can be summarized by the following 
u is considered as the composite force/position control signal used as velocity input for the inverse kinematics module. Notice, that the position controller is realized as a P controller parameterized by gain k p P , while the force controller is a PI controller parameterized by gains k f P and k f I . We employ a PI controller in order to guarantee a higher level of priority to the force controller. The control scheme is summarized in Fig. 4 .
VI. SIMULATION EXPERIMENT
The object manipulation algorithm is validated in a physical simulation experiment. We use the Vortex physics engine to obtain real-time contact information (i.e. contact position, normal vector and contact force magnitude), and the object's pose (object position and orientation).
We employ the Kinematics and Dynamics Library (KDL) [1] to model the kinematic tree and to compute the inverse kinematics of the hand. To this end we modeled the kinematic structure of the robot hand up to the finger tip frames. Finally, within every control cycle, the fixed transformation matrix from the finger tip frame to the contact frames O fi c is added to the tree based on the estimated contact positions. Weighted Damped Least Squares is used to calculate the joint angle velocities to weight the motion contribution of individual joints and to increase numerical stability in the vicinity of singularities.
It is feasible to transfer this algorithm to the real world. By utilizing robot vision, the pose of the manipulated object can be extracted if markers are attached to the object as shown in [14] , [3] . The contact position can be extracted from the tactile fingertips of the Shadow Dexterous Robot Hand. These finger tips provide a sensor array comprising 34 tactels giving an average spatial resolution of 3mm. Employing the known shape of the finger tips (shown in Fig. 2) , we can compute the contact points and normals w.r.t. the fingertip frame. The transfer of the implemented control strategy from simulation to the real Shadow Robot Hand will be the next step of our work.
Currently three geometric primitives, namely sphere (radius=2.5cm), cylinder (radius=1.4cm, height=9cm), and box (sized 6×4×21cm
3 ) are evaluated. The objects are sized middle-scale compared to the robot hand, so rolling and slipping between the fingertips and the object will occur during the course of the manipulation. Object shape information is not available to the manipulation strategy. The controller 
are manually set to guarantee stability of the object manipulation.
Obviously, before the object can be manipulated within the hand, a stable, i.e. force-closure, grasp needs to be established. Because grasping is not the focus of the present paper, we only shortly outline the grasping strategy we adopted in our experiments [9] . Starting from a pre-grasp posture, which roughly encloses the object in a cage-like fashion, the fingers are closed towards a final grasp posture until object contact is observed. Both hand postures are chosen based on object size from a set of three prototypes, namely force grasp, precision grasp, and pincer grasp. In our simulation experiments, the object is hovering in front of the hand, such that every contact would push away the object. Hence, the object is frozen in space during the initial grasp phase.
Finally, the whole manipulation process comprises three phases:
• Grasping of the object, when it is fixed in the world. This is necessary to achieve a successful grasp without kicking the object off.
• Unfreeze the object and stabilize the grasp employing active force control in order to prepare manipulation. • Actually manipulate the object, i.e. change its pose relative to the palm of the hand. In principle, the object can be manipulated along any trajectory, as long as configuration space limits are not hit. To show the feasibility of our reactive strategy, we exemplary consider the tasks of moving the object along the y-axis and rotating about the x-axis of the reference coordinate frame.
Without loss the generality, the orientation of the object is aligned to the world reference frame, such that the principal axes of the cylinder or the box are parallel to the axes of the world frame. The object is grasped with the thumb opposing three fingers. The contact normals of all contacts are roughly aligned to the y-axis of the world frame.
Figs. 5, 6 show the manipulation results for the cylindrical object. The results for the box manipulation are similar The latter figure also visualizes the whole manipulation process, including initial grasping. At stage 0, the grasp is realized, and the predefined desired grasp force of 1N is approached. At stage 1, the object becomes unfrozen. In this stage, the desired action of the robot hand is to keep the position and orientation of the object unchanged. Because of unbalanced grasp forces (every finger has the predefined contact force of 1N ), this unfreezing is an instant disturbance to the balance of the object. However, the reactive manipulation strategy keeps the object stably in place by adapting the desired contact force on the thumb as well as the position of the thumb's contact point on the object. At stage 2, the object is rotated as can be seen from the smooth change of Euler angle α from 0 to -0.2 rad and back to zero again. The simulation experiment shows, that the object can be locally manipulated in the hand and it also shows that the micro manipulation approach is feasible.
In order to confirm the applicability of our method in noisy real-world scenarios, we superimposed artificial measurement noise to the values obtained from the physics engine. The standard deviations of the added Gaussian noise are: 0.5cm for contact positions, and 0.3 for contact force magnitude (desired contact force is 1.0). Fig. 7 summarizes the manipulation experiments given these noisy conditions. Fig. 7a shows that the contact force magnitude error(3th row) oscillates around zero -according to the added sensor noise. However, as shown in fig. 7b the translation motion is not strongly affected by the sensor noise, because the measured, i.e. noisy contact position trajectory on average follows the targeted value. These simulation results show that the object can be successfully manipulated and moved along the y-axis despite noisy feedback. 
A. Discussion
In practice we often will observe rolling or sliding when the robot manipulates the object. Compared to traditional active control methods, the proposed reactive strategy uses different methods to deal with these unpredictable events. In traditional methods, the friction cones (see the green cones in Fig. 1 ) and the measure of force closure are the key issues under the condition of a point contact model with friction, i.e. find contact forces f c , such that an arbitrary external disturbance wrench F e can be resisted by the grasp:
constrained to
Here G denotes the grasp matrix [8] . To actively control rolling, requires that the desired contact force trajectory is constrained by Eqs. (5, 6) . Active sliding control requires to decrease the contact normal force to the critical value, and moving the fingertip on the object under the constraint equation Eq. (6). Apparently, the knowledge of the friction force between the fingertip and the object is needed to realize active sliding control. The complete knowledge of the geometry of the fingertip and the object would be needed to realize active rolling control. Our reactive control strategy does not assume such knowledge. Rather, the proposed manipulation strategy actively compensates for occurring rolling and sliding without the explicit knowledge about friction properties. Instead of finding feasible force-closure trajectories satisfying Eqs. (5,6) we solve the simple problem of finding scalar contact forces acting along the contact normals, such that the resultant force equals zero. We argue, that the inner forces, corresponding to the null space of the underlying system of equations, can be found in an on-line fashion employing slip detection algorithms [12] . This also allows to manipulate objects of previously unknown weight.
The computed target velocity of all contact points is composed from two components: position and force errors. The different contributions of position and force control are visualized in Fig. 8 for the translation motion along the yaxis again. Stage 1 and 3 represent the motion along the positive and negative direction of y-axis. Stage 2 and 4 represent object stable. The blue dash-dotted line, the green dashed line and the red solid line represent the contributions of the force, position, and overall error components respectively. The data is again described in the reference coordinate frame shown in Fig. 1 .
While the motion along the surface (composed by the x-z-plane) is primarily composed from position errors, the motion along the normal direction (y-axis) is composed from both error components. Notice, that the PI controllers used for force control also act as low-pass filters, smoothing the tracking trajectory.
VII. CONCLUSION
In this paper, we proposed simple but efficient reactive strategy to locally manipulate objects with a multi-fingered robot hand assuming as less as possible knowledge about the object. This reactive strategy is based on the micro manipulation assumption, i.e. assuming that sliding and rolling cannot be actively controlled and thus are assumed to be zero. Simulation experiments have shown the feasibility of the approach. With this method the multi-fingered robot hand can manipulate an object successfully moving along desired trajectories, even if the geometry of the object is unknown and the interaction between the object and the fingers is unpredicted.
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